Coexistence between species with similar niche requirements is often facilitated by displacement of morphological, behavioral, or physiological characteristics. Experiments comparing treatments with and without the presence of potential competitors are ideal for testing hypotheses of interspecific competition. Here, we investigate a fundamental aspect in the natural history of a species: the home range. We determined whether co-occurrence can influence the home range size of 2 subterranean rodent species, Ctenomys flamarioni and C. minutus. We evaluated home range size in populations of both species in allopatry and sympatry along the coastal plain of southern Brazil. Animals were radiotracked, and the home range size of each individual was estimated using grid cells and minimum convex polygon methods. We found no significant differences in home range size between sites or species, and the interaction was nonsignificant. We also found no relationship between home range size and body mass or sex. Our results suggest that co-occurrence may not influence home range size in these species, perhaps due to environmental adaptations that facilitate coexistence (e.g., microhabitat segregation and dietary modifications). Further, the characteristics of the sandy dune habitat may act as environmental filters, favoring similar home range sizes for both species.
Character displacement involves modification of morphological, behavioral, or physiological characteristics that are assumed to reduce competition and facilitate coexistence between putative competitors (Brown and Wilson 1956; Grant 1972; Dayan and Simberloff 2005; Stuart and Losos 2013) . However, tests of the competition hypothesis are required to make reliable inferences about these interactions. Manipulative experiments can investigate competition via comparison of the species responses among treatments with a possible competitor and in isolation (i.e., controls) (e.g., Turkington and Merhoff 1990; Vassallo 1993 ). However, depending on the purpose of the study and the taxonomic group, the expected responses may take a considerable amount of time to meet an equilibrium; this makes the experimental approach at times impractical. Natural comparisons can provide similar information by studying potentially competing species in areas where they co-occur (sympatry) and areas where they do not (allopatry-Adams and Rohlf 2000; Simberloff et al. 2000) . These areas also should differ only in the presence or absence of the potential competitor, with minimal differences in the physical environment (see Stuart and Losos 2013) .
We investigated a fundamental aspect in the natural history of a species: the home range. Home range can be defined as the area used by an animal to perform the basic required activities (i.e., care of offspring, resource acquisition, mating, use of refuges, etc. -Burt 1943; Powell 2012) . Subterranean rodents present a peculiarity in this aspect, as they occupy systems of tunnels that are constructed by 1 individual, and this tunnel system is thought to be the home range of that animal (Nevo 1979; Lacey et al. 2000) . These rodents are thus interesting experimental models for testing hypotheses concerning factors that delimit the use of space in small mammals (Cutrera et al. 2010) . Previous studies have demonstrated that home range size can vary with environmental characteristics such as soil hardness (Cutrera et al. 2006; Šumbera et al. 2008) , plant biomass (Reichman et al. 1982; Heth 1989) , as well as with animal body size (Šumbera et al. 2003 , 2008 Cutrera et al. 2010 ). Maher and Burger (2016) provided a recent review of inter-and intraspecific space use across the diversity of caviomorph rodents, offering important information about the natural history of the lineage. The authors indicate that food availability, population density, and risk of predation are characteristics usually related to changes in the size and location of the home range of organisms. However, they do not report any evidence or test of interspecific competition in space use and social organization among sympatric caviomorphs. To our knowledge, there is only 1 study that addresses this issue (Cutrera et al. 2010) ; however, those authors do not use comparisons of sympatric and allopatric locations to verify if changes in the home range size can be a reflection of the coexistence of the species.
The paucity of studies addressing this issue is linked to natural history characteristics of these animals, including low mobility, patchy distribution, usually solitary habits, and lack of sympatry (Nevo 1979; Lacey et al. 2000) . The scarcity of sympatric zones in particular makes studies of interspecific interactions rare. The subterranean rodent family with the greatest number of species is Ctenomyidae, with approximately 69 described species (Freitas 2016) . Among ctenomyids, only 3 zones of sympatry are recognized: 1 in Argentina with Ctenomys australis and Ctenomys talarum (Contreras and Reig 1965) , and the other 2 in Brazil with Ctenomys flamarioni and Ctenomys minutus (Kubiak et al. 2015) . In this study, we investigate whether co-occurrence can influence the home range size in subterranean rodents using a natural comparison approach. We measured home range size in allopatric and sympatric populations of C. flamarioni and C. minutus along the coastal plain of southern Brazil.
There are 3 reasons lead us to consider that the 2 species could present differences in home range size when in sympatry: 1) the 2 target species show differences in diet when occurring in sympatry, but not in allopatry (Lopes et al. 2015) ; 2) the 2 target species show morphological character displacement in cranial features when occurring in sympatry (Kubiak 2017) ; and 3) Cutrera et al. (2010) found differences in home range size of 2 species of Ctenomys in a comparable study system. This evidence for possible competition between the species instigated the search for variation in home range size.
Materials and Methods
Focal species and study area.-Ctenomys flamarioni and Ctenomys minutus are subterranean rodents, commonly called "tuco-tucos." Both species inhabit the southern Brazilian coastal plain at sea level, and both exhibit solitary habits (Fernández-Stolz et al. 2007; Galiano et al. 2014b) . Ctenomys flamarioni is endemic to coastal sand-dune grasslands in the state of Rio Grande do Sul. The species' geographical range includes a linear distribution along 560 km of the coastal plain (Fig. 1) . The range limits are the city of Arroio Teixeira on the northern boundary (Freitas 1995) and the Chuí River on the southern boundary (Fernández-Stolz et al. 2007) . Ctenomys minutus inhabits sand fields in the southern portion of its geographical range and co-occurs with C. flamarioni in the sanddune grasslands in the northern portion of its distribution. In the north, C. minutus occurs predominantly in areas without C. flamarioni. Ctenomys minutus occurs from Jaguaruna beach in Santa Catarina to the city of São José do Norte in Rio Grande do Sul, extending linearly along more than 500 km (Lopes et al. 2013; Galiano et al. 2014a ).
The coastal plain of Rio Grande do Sul has geomorphology under constant influence of Atlantic Ocean fluctuations, formed by an unstable mosaic of lakes, lagoons, beaches, sand dunes, and sand fields (Tomazelli et al. 2000) . The climate is mild mesothermal, without dry periods. The average summer temperature in 2016 varied between 13.6°C and 34.1°C. In winter, the average temperature varied between and 2.1°C and 29.5°C (Inmet 2016). The vegetation consists of a mosaic of dune vegetation, sand fields, and "restinga" forests (Hesp et al. 2009 ). There is a prevalence of herbaceous species but shrubs are also common, and trees become more frequent along a gradient from east to west. Poaceae, Asteraceae, Cyperaceae, and Fabaceae are the predominant plant families in the region (Overbeck et al. 2007; Filho et al. 2013) .
Two narrow contact zones have been recently described for these 2 rodent species. One zone is located on the northern limit of the distribution of C. flamarioni, in a sand-dune area extending about 15 km; the second is located on the southern limit of the distribution of C. minutus, in the city of São José do Norte (Kubiak et al. 2015; Fig. 1) . In this study, we investigated the home range size of both species only in the sand-dune grasslands habitat (the sandy dunes area). Three treatments were used: 1) C. minutus in allopatry, 2) C. flamarioni in allopatry, and 3) both species in the sympatric zone located in the north (Fig. 1) .
Radiotracking.-Ctenomys flamarioni and C. minutus were sampled in 3 different sites along the line of coastal dunes in southern Brazil: 1 site where the species occur in sympatry (centroid: 29°41′57″S, 49°58′44″W), 1 site where C. flamarioni has allopatric distribution (centroid: 30°04′51″S, 50°09′53″W), and 1 site where C. minutus has allopatric distribution (centroid: 29°37′06″ S 49°55′51″ W) (Fig. 1) .
We captured and radiotagged 20 C. flamarioni (10 in allopatry and 10 in sympatry, equal numbers of males and females) and 20 C. minutus (10 in allopatry and 10 in sympatry, equal numbers of males and females), for a total of 40 animals (see Supplementary Data SD1 for more information about the individuals). Animals were captured using Oneida Victor No. 0 traps (Oneida Victor Inc., Cleveland, Ohio). After capture, animals were anesthetized (Ketamine, 100 mg/ml), weighed, fitted with a radiocollar (M 1640, Advanced Telemetry Systems, Isanti, Minnesota), and sex was determined before animals were released at their respective trapping locations. The animals were released only when fully recovered from the effects of the anesthetic. We used radiocollars that weighed 6.0 g (< 5% of the body weight of the smallest animal used in the study). All procedures involving capture, handling, and use of radiocollars were approved by the Institutional Animal Care and Use Committee of the Universidade Federal do Rio Grande do Sul -Biological Sciences Research Committee (n°282360). This study was conducted in accordance with the recommendations of the American Society of Mammalogists (Sikes et al. 2016) . The protocol was approved by the Brazilian Institute for the Environment and for Renewable Natural Resources (IBAMA -Permit number 14690-1).
Radiotracking began 24-48 h after animal release. We used a receiver (IC -R20, Icom America Inc., Kirkland, Washington) and a 2-element Yagi antenna to locate animals. Radio fixes were taken in 12-h sessions (06:00-19:00 h) for a period of 5 days. To ensure independence of data, there was an approximately 1-h time interval between fixes (Swihart and Slade 1997; Kenward 1987) , for a total of 60 radio locations per individual. We estimated the asymptote of accumulation curves to determine the minimum number of radio locations required to stabilize estimates of individual home range sizes (White and Garrot 1990; Gehring and Swihart 2004) . Prior to field work, radio fixes were taken at known locations to determine the accuracy of the procedure, which was less than 1 m. Of the 40 captured animals, it was not possible to complete the radiotracking for 8. Of these 8, 3 were not detectable by radiotracking after release (1 C. minutus sympatric male, 1 C. flamarioni sympatric male, and 1 C. flamarioni allopatric female). We had issues receiving the transmitter signal in 5 other individuals. The animals with transmitter issues were recaptured and the radiocollars were removed, and data from the 8 individuals with missing or incomplete transmission were not used in analyses.
Home range size and statistical analyses.-The home range size of each individual was estimated using grid cells (GCs) and minimum convex polygons (MCP). We defined home range sizes by using a set of 2 × 2 m GCs covering all of the radio fixes. For datasets that are relatively complete with little error (as in most studies of subterranean rodents), excellent home range estimates can be generated with the GCs method (Powell and Mitchell 2012) . When necessary, we used cells to connect the GCs using the shortest possible link (Šklíba et al. 2009 ). We also calculated the MCP 100% using all points from each individual for comparison with other studies. Analyses were performed using QUANTUM GIS software (Quantum GIS Development Team 2013) and Biotas 2.0 (Ecological Software Solutions). We performed an analysis of covariance to test whether home range size differs between sites (sympatric or allopatric), species (C. minutus or C. flamarioni), and whether the relationship of home range size between sites or within species differs between the 2 species (i.e., by testing the interaction between site and species). We also used (log) body mass and sex as covariates to test their relationships with home range size for both estimators independently (formulas: GCs = body mass + species + sex + sites + species × sex × sites; MCP = body mass + species + sex + sites + species × sex × sites). We also applied an analysis of variance to test the differences in body mass between sympatric and allopatric individuals. The data were log-transformed to reduce the amplitude of differences in home range size, to meet residual normalization assumptions. Estimates of the statistical power to detect differences between means (differences between sites within species) also were computed given the known sample sizes, averages, and SD values for home range size. Two of the males captured (FAM2 and MAM4, see Table 1 ) presented signs of reproductive activity and were excluded from statistical analyses. All analyses were conducted in the R program for statistical computing (R Development Core Team 2012).
results
We successfully completed radiotracking for 32 animals (15 C. flamarioni [7 in sympatry and 8 in allopatry] and 17 C. minutus [7 in sympatry and 10 in allopatry]). Only 1 individual was captured in each tunnel system, and species home ranges did not overlap. The contour area estimator for the 100% MCP method stabilized in approximately 3-4 days for both species (C. flamarioni = 42.57 ± 7.59 and C. minutus 43.07 ± 5.34 radio locations).
Using both estimators, no significant differences in home range size were detected between sites or species (using either estimator), and the interactions were not significant (Table 1) . Home range size for C. flamarioni at sympatric sites did not differ from that of conspecifics occupying allopatric sites (averages: GCs = 38 ± 8.89, MCP = 214.77 ± 100.87 m 2 , and GC = 38.75 ± 13.5, MCP = 278.08 ± 197.58 m 2 for sympatric and allopatric individuals, respectively). Similar results were obtained for C. minutus at sympatric and allopatric sites (averages: GCs = 38.86 ± 8.21, MCP = 247.72 ± 155.26 m 2 , and GCs = 38.9 ± 14.24, MCP = 293.25 ± 174.86 m 2 , respectively). We found no relationships between home range size and body mass or sex. Home range sizes overlapped considerably among treatment groups (Supplementary Data SD1). Differences in body mass were not detected between species (F 1,28 = 0.07, P = 0.78), sites (F 1,28 = 0.11, P = 0.74), or their interaction (F 1,28 = 0.02, P = 0.87).
Failing to reject the null hypothesis does not mean it is true. The power to detect differences between home range sizes in sympatry and allopatry, or in other words, the probability of rejecting the null hypothesis (absence of difference) when it is false, was in general low for both species and both estimators (Supplementary Data SD2) . However, the small differences in the averages between treatments (sympatry versus allopatry) and the great overlap among individual home range values from both treatments (easily noticed in Supplementary Data SD1) are evidence that indeed home range sizes did not differ among treatments.
discussion
Our results suggest that co-occurrence does not influence the home range size of C. flamarioni and C. minutus. Home range size is usually linked to the size of the animal, where larger animals require larger areas to meet their resource needs (e.g., food, mating, etc.-MacNab 1963) . This difference is expected to be more evident in comparisons between species with obvious size differences. For example, C. australis is 2-3 times larger than C. talarum and has a home range size ~19 times larger (Cutrera et al. 2010 ). However, the 2 species in the current study do not present significant size differences in sand-dune areas. Ctenomys minutus occupying sandy field habitat are indeed smaller than conspecifics occurring in the sand dunes ), but C. minutus and C. flamarioni occurring in allopatry on the dunes do not differ in size. This may be due to convergence in size by means of environmental filtering. In addition to the difference in body size, C. minutus that inhabit sand dunes have home range sizes 1.75 times larger than congeneric individuals inhabiting sand fields .
Many environmental and ecological factors have been shown to influence home range size in subterranean rodents, Table 1 .-Analysis of covariance (ANCOVA) results for the following models: GCs = body mass + species + sex + sites + species × sex × sites; MCP = body mass + species + sex + sites + species × sex × sites. GCs = grid cell method; MCP = minimum convex polygon method of home range estimation. Species = Ctenomys flamarioni or C. minutus. Sites = species in allopatry or sympatry. including body size (Šumbera et al. 2003 , 2008 Cutrera et al. 2010) , extent of search for mates (Zuri and Terkel 1997) , plant production among habitats (Reichman et al. 1982; Heth 1989) , differences in soil hardness (Cutrera et al. 2006; Šumbera et al. 2008; Lövy et al. 2015) , habitat type , and seasonal shifts in diet due to resource distributions (Quirici et al. 2010 ). However, co-occurrence does not appear to be a key factor in determining the home range size for C. minutus and C. flamarioni. These species may have other behavioral modifications that may reduce or eliminate the need to change home range size when in contact with other congenerics. For example, recent studies have shown that these 2 ctenomyids exhibit spatial segregation (i.e., use of different microhabitats- Kubiak et al. 2015) and differentiation in diet (consumption of different plant species -Lopes et al. 2015) in the same contact zone as the current study. Kubiak et al. (2015) found that C. flamarioni selected different habitats when occurring in allopatry versus sympatry; in allopatry, the species selected areas with high grass cover and was distributed on soils that were not as hard compared to conspecifics located in sympatry with C. minutus. By contrast, C. minutus selected areas with higher plant biomass and greater grass cover compared to C. flamarioni in sympatry or in allopatry. The focal species also forage differently when in sympatry. Ctenomys minutus modifies its diet when in sympatry with C. flamarioni and C. flamarioni decreases the number of consumed plant species when in sympatry with C. minutus (Lopes et al. 2015) . Cutrera et al. (2010) also reported that C. australis and C. talarum present a segregation of habitats in sympatry, similar to that observed for C. flamarioni and C. minutus (Kubiak et al. 2015) : C. australis occupies areas with lower plant cover and softer soils in relation to the areas occupied by C. talarum. However, when we compare the home range size of the 2 species, we find a pattern different from our study. Ctenomys australis present a home range size ~19 times larger than C. talarum when in sympatry, whereas in our study we did not detect differences between species. The results of Cutrera et al. (2010) show an interspecific difference in the home range size of species of Ctenomys in sympatry, but they did not evaluate their species when in allopatry. Therefore, species in the genus Ctenomys can present differences in home range size, but the coexistence of species may not be the cause.
In general, the home range sizes of C. flamarioni and C. minutus do not seem to be related to body mass, and neither species is sexually dimorphic. Other studies have shown that the relationship between home range size and body mass or sex is species-dependent (Cutrera et al. 2006 (Cutrera et al. , 2010 . Further, males that are sexually active tend to have larger home range sizes, as demonstrated in Spalax galili Šklíba et al. 2015) and emphasized for C. minutus . We found the same pattern in C. flamarioni for a sexually active male in the current study (FAM2).
Although we did not detect significant intra-or interspecific differences between home range sizes in sympatry and allopatry, we do not consider that this could be a type II error. Besides the already mentioned reasons, our dataset allows us to conclude that C. flamarioni and C. minutus present similar home range sizes when they occur in sympatry or allopatry. All the individuals in our study have stabilized their home range size; the very similar average in home range size for each treatment (see Supplementary Data SD1) leaves little suspicion that increasing sample size would change the results. Finally, the number of individuals sampled in this study (the treatment with the lowest number sampled had 7 individuals) are similar to other studies that used radiotracking in subterranean rodents. Cutrera et al. (2010) , who had a sample size similar to ours (7 individuals of C. talarum [3 males and 4 females] and 10 of C. australis [7 females and 3 males]), found that the 2 species they studied differed significantly in their home range size. In addition, those authors also reported sexual dimorphism for the home range size of C. australis, but not for C. talarum. Lövy et al. (2015) and Kubiak et al. (2017) also described intraspecific differences in home range sizes when comparing populations from different habitats, using a sample size similar to ours: 16 (6 and 10 in each treatment) and 19 (10 and 9 in each treatment), respectively.
In summary, our results indicate that co-occurrence does not influence the home range size of these subterranean rodent species. This may be due to life history adaptations that enable coexistence in the sandy dunes, e.g., microhabitat segregation and dietary modifications. Further, the peculiar characteristics of this habitat seem to result in a similar home range size for both species. Additional studies are needed to better understand home range dynamics in these species, specifically regarding patterns of home range occupation, distance between neighbors, individual distributional conformity in areas of sympatry, and should include sampling of entire populations in order to thoroughly assess these characteristics. In addition, these studies may also explore the main result of our study, seeking further information to elucidate the hypothesis that the habitats where subterranean rodent species occur may filter home range to a common size distribution (similar mean and variation).
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Supplementary data are available at Journal of Mammalogy online. Supplementary Data SD1.-Individual ID, body mass, and estimated home range sizes using the grid cell (GC) and minimum convex polygon (MCP) methods for Ctenomys flamarioni and Ctenomys minutus in sympatry and allopatry along the coastal plain of southern Brazil. Supplementary Data SD2.-The power (1 -β) to detect differences between means of home range size (grid cell [GC] and minimum convex polygon [MCP] ) of sympatric and allopatric individuals. Power was calculated using a t distribution based on known values of sample size and standard deviation, assuming an α value of 0.05.
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